Abstract: Among four pyruvate kinase isoenzymes, M1, M2, R and L, only M1 is considered as a nonallosteric enzyme. However, here we show that the non-phosphorylated L-type pyruvate kinase (L-PK) is also a non-allosteric enzyme with respect to its substrate phosphoenolpyruvate (PEP). The allosteric catalytic properties of L-PK are switched on through phosphorylation by cAMP-dependent protein kinase. The non-phosphorylated enzyme was produced by expressing the rat L-PK in E. coli, as the bacterium does not have mammalian-type protein kinases. The resulting tetrameric protein was phosphorylated with a stoichiometric ratio of one mole of phosphate per one L-PK monomer. Activity of the phosphorylated enzyme was allosterically regulated by PEP with the Hill coefficient n=2.5. It was observed that allostery was engaged by phosphorylation of the first subunit in the tetrameric enzyme, while further phosphorylation only modulated this effect. The discovered switching between non-allosteric and allosteric forms of L-PK and the possibility of modulating the allostery by phosphorylation are important for understanding of the interrelationship between allostery and the regulatory phosphorylation in general, and may have implication for further analysis of glycolysis regulation in the liver.
Introduction
Pyruvate kinases (PK, ATP-pyruvate 2-O-phosphotransferase, EC 2.7.1.40) catalyze the final step of glycolysis, transferring phosphate moiety from phosphoenolpyruvate (PEP) to ADP to form pyruvate and ATP [1, 2] :
Pyruvate is an essential substrate in several metabolic processes and the regulation of activity of these enzymes provides effective control over the carbon flux pathways in living organisms [3, 4] . As the metabolic needs vary in different tissues, PK isoenzymes of specific regulatory properties have been distinguished in vertebrates and named as L, R, M1 and M2 pyruvate kinases [2, 5] . In vivo these isoenzymes, with the exception of M1, are homotropically activated by PEP and heterotropically activated by fructose-1,6-bisphosphate (FBP) [2] , as well as inhibited by some other compounds, the nature of which depends on the type of the tissue [4] . This regulation is most often explained by transition of the enzyme between the active R-state and the less active T-state [2, 4] .
In vivo, all isoenzymes of PK are functional homotetramers, whose primary and tertiary structures are significantly conserved among all organisms. Each subunit of PK can be divided into three principal domains: a classic (β/α) 8 barrel A domain, an irregular β-barrel B domain, and a C domain with (α+β) topology. In addition, the N-terminal domain formed by helix-turn-helix motifs of variable length can be identified in mammalian isoenzymes [2, 3, [6] [7] [8] . The active site of PK is located between domains A and B [2] [3] [4] 7] , with the binding sites for ADP and PEP involving highly conserved amino acids. The binding site for the allosteric regulator FBP is located in the C domain, approx 40Å apart from the active site [3] . In agreement with these data, the allostery of protein kinases seems to be associated with domain mobility, governed by the protein structure in the inter-subunit contact area. As a result of this, the replacement of a single amino acid in this area may shift the equilibrium from the fully active R-state to the inactive T-state and convert the non-allosteric enzyme into an allosterically regulated enzyme. This has been previously demonstrated by the substitution of Ala-398 by Arg in M1 isoenzyme [9] and also by the replacement of Ser-402 by proline [10] .
In the present report we demonstrate that a similar shift between non-allosteric and allosteric properties of PK can be induced through phosphorylation of the kinase molecule and this switch of allosteric properties is utilized in the case of L-type pyruvate kinase (L-PK). Phosphorylation of this liver-specific isoenzyme by cAMP-dependent protein kinase at a single residue at position 12 of the N-terminal tail of this protein converts the non-allosteric enzyme into a typical allosterically regulated form. Previous attempts to remove the phosphoryl moiety from the phosphorylated L-PK have yielded only a partially de-phosphorylated enzyme which still revealed allosteric properties [11] [12] [13] [14] . Therefore the L-type isoenzyme is listed together with the allosterically regulated M2 and R isoenzymes, although, as shown by this study, before the phosphorylation it belongs to the same group as the non-allosteric M1 isoenzyme.
The recombinant non-phosphorylated L-type isoenzyme was expressed and purified from E. coli, which is lacking mammalian protein kinases. Therefore quantitative stoichiometric phosphorylation of this protein was possible which changed the non-allosteric enzyme into a typical allosteric L-type pyruvate kinase. The possibility of switching between non-allosteric and allosteric properties of an enzyme through phosphorylation is important for understanding of the interrelationship between allostery and regulatory phosphorylation in general. 
Experimental Procedures

Enzymes
The recombinantly expressed catalytic subunit of mouse cAMP-dependent protein kinase (PKA, 0.1 mg/ml, 30 U/mg, Lot 040916) was obtained from Biaffin GmbH and Co KG (Germany). Before the experiments, the solution was diluted 300 -1000-fold in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mg/ml BSA, and the stock solution was kept in ice bath until use. An expression system for the purification of L-type pyruvate kinase in E. coli was formed from the cDNA of rat L-PK (a generous gift from Professor Noguchi, the University of Tokyo, Japan). The cDNA was cloned into the expression vector pRSETb (Invitrogen) by the NdeI and EcoRI sites. The E. coli BL21(DE-3) cells transformed by the vector construct pRSETb-LPK, were then grown in YT-medium and the expression was induced by addition of IPTG (0.5 mM). After 12 hours (25°C), the cells (about 5 grams wet weight) were resuspended in 20 ml of homogenization buffer (250 mM sucrose, 20 mM potassium phosphate, 2 mM EDTA, 1 mM EGTA, 0.1 mM DTT, 0.1 mM PMSF, pH 7.2) and lysed by passing twice through a French Press pressure cell at 2000-3000 p.s.i. The enzyme purification procedure was outlined in [15] .
SDS-PAGE electrophoresis
The analysis was done according Laemmli protocol modified by O'Farrell [16] in 12% SDS-polyacrylamide gel. Visualization of proteins was performed by colloidal staining in 1.6% ortho-phosphoric acid, 8% ammonium sulphate, 0.08% of Coomassie brilliant blue G-250 and 20% methanol. Destaining was carried out in water.
FPLC analysis
The protein sample (100-200 μl) was applied to Superdex 200 HR 10/30 column and gel filtration was performed in 50 mM Tris-HCl buffer containing 150 mM NaCl at a flow rate of 0.5 ml/min at room temperature, using the ÄKTA FPLC system (Amersham Biosciences, Sweden).
Protein assay
Concentration of L-PK was determined by the absorbance at 280nm as described by Aitken and Learmonth [17] . The extinction coefficient 30590 M -1 sm -1 was calculated for the L-PK subunit on the basis of the primary structure of the protein [18, 19] .
L-PK phosphorylation
The phosphorylation of L-PK was carried out at 30°C in 50 mM Tris-HCl buffer (pH 7.5), containing 100 µM of γ-[
32 P] ATP (specific radioactivity 200 -400 cpm/pmol), 10 mM MgCl 2 , 0.067 µg/ml of PKA and 1 mg/ml BSA. The phosphorylation reaction was followed by analyzing the samples taken from this reaction as described by Loog et al. [15] .
Assay of L-PK activity
The spectrophotometric procedure, based on the coupling of the L-PK reaction with the LDH-catalyzed oxidation of NADH, as described by Fujii and Miwa [20] , was adopted. The assay was carried out in 50 mM Tris-HCl buffer (pH 7.5), containing 0.2 mM NADH, 0.002 mg/ml (1.5 U/ml) LDH, 100 mM KCl, 10 mM MgCl 2 , 0.1% BSA, 0.1 mM DTT, 0.148 mg/l L-PK. The reaction was initiated by addition of L-PK into the reaction mixture, and the initial velocities (v) were monitored during the first 3 minutes of the reaction in a 1 cm thermostated (30ºC) quartz cells (λ=340 nm, UV-VIS spectrophotometer: Unicam UV300, ThermoSpectronic, USA, integration time 0.250 sec, sampling interval 1 sec). The values of the initial velocities were not changed if the amount of LDH present was increased.
Kinetic analysis
Initial velocities (v) of the L-PK catalyzed reaction were measured at ADP concentrations from 0.01 to 6 mM and PEP concentrations from 0.01 to 10 mM. If the concentration of one substrate was kept constant, the initial velocities vs. concentration plots for the second substrate were analyzed by the conventional Hill equation:
where K stands for substrate concentration which corresponds to half of the maximal rate of the reaction. In the absence of allostery (n=1), the kinetic data for this bi-substrate reaction were analyzed together by the following rate equation [21] :
where K ADP and K PEP stand for enzyme affinity for its substrates, V is the maximal reaction rate and α characterizes the randomness of the substrate binding sequence.
Data processing
All data were analyzed by a non-linear least-squares regression analysis using the GraphPad Prism version 4.0 (GraphPad Software Inc., USA), SigmaPlot 9.0 (Systat Software Inc., USA) and Microsoft Excel XP (Microsoft Corporation, USA). The values reported are given with standard errors.
Results and Discussion
Non-phosphorylated L-PK
L-PK was purified from an E. coli based expression system using a vector derived from the cDNA of rat liver L-PK (Figures 1 and 2) . The molecular weights of the monomer and the tetramer of recombinant L-PK were identical to L-PK extracted from liver tissue [18, 19] . However, as bacterial cells do not contain protein kinases that are similar to the eukaryotic AGC family, the recombinant enzyme obtained from this expression system was entirely non-phosphorylated. The purified protein was efficiently phosphorylated by the cAMPdependent protein kinase catalytic subunit and 4 phosphate groups were incorporated into one tetrameric protein molecule (Figure 3 ). The observed 1:4 phosphorylation stoichiometry is consistent with a single serine residue at position 12 of the N-terminal domain of each subunit being phosphorylated by the protein kinase [4, 7, 14] .
Interestingly, the 1:4 phosphorylation stoichiometry has never been obtained in similar experiments with L-PK extracted from the liver tissue [11] [12] [13] 22] , instead, liver purified L-PK contained 2-3.5 mol of phosphate per tetrameric enzyme molecule [11] . Phosphorylation of the E. coli-expressed L-PK had no influence on the tetrameric structure of this enzyme, as the protein eluted similarly with the non-phopsphorylated L-PK from the Superdex 200 HR 10/30 column. The same elution patterns were observed if the catalytic activity of the enzyme was assayed (data not shown). The second protein eluted after the phosphorylated L-PK in Figure 2 was bovine serum albumin, added to the solution of PKA for stabilization of proteins, while the concentration of the catalytic subunit itself was too low to be detected in this experiment.
The non-phosphorylated recombinant L-PK was catalytically active and the initial rate vs. ADP and PEP concentration plots were well described by a hyperbolic function (Figure 4) , indicating that the nonphosphorylated enzyme was not allosterically regulated by either substrates. Therefore it was possible to process these kinetic data by the rate equation 3 [21] , and the following results were obtained: V=15.8±0.5 μmol/mg•s K ADP =0.26±0.03 mM K PEP =0.11±0.02 mM α=0.96±0. 10 The α value was in agreement with the random substrate binding model [21] .
Catalytic properties of the stoichiometrically phosphorylated form of the recombinant L-PK were reported in our previous study [23] , where typical sigmoidal curves for the initial velocity vs. PEP concentration plots with the Hill coefficient n=2.5 (Eq. 2), and hyperbolic curves for the initial velocity vs. ADP relationships (n=1), were observed ( Figure 4) . These results were in good agreement with kinetic data published for the liver tissue enzyme after its complete phosphorylation by PKA [11, 14] .
Kinetic mechanism of L-PK phosphorylation
The time course of phosphorylation of the nonphosphorylated L-PK in the presence of the PKA catalytic subunit and [ 32 P]ATP followed exponential rate equation (Figure 3, left) : where C t stands for radioactivity incorporated into the protein at time moment t, C ∞ is the maximal amount of protein-bound radioactive phosphorus, C 0 stands for background of the bound radioactivity and k obs is the observed rate constant of the reaction. The level of nonspecifically bound radioactivity remained below 2% of the specifically bound radioactivity, and therefore the C ∞ values from the kinetic curves agreed well with the experimental "plateau" values of the phosphorylation reaction, used to determine the phosphorylation stoichiometry in Figure 3 , right panel.
The rate Equation 4 refers to the pseudo-firstorder conditions of the phosphorylation reaction where the substrate (L-PK) concentration remains below the K m value. Therefore, the observed rate constants k obs calculated at L-PK concentrations from 1 to 3.5 μM (Figure 3 , left panel) were similar and yielded the mean k obs value 0.29 ± 0.05 min -1 . This observation of the pseudo-first-order conditions was also supported by statistically relevant linear dependence between the initial rate of the L-PK phosphorylation reaction and L-PK concentration (data not shown). Finally, the conclusion is also in agreement with the K m value 17 μM estimated for the L-PK phosphorylation reaction by Pilkis et al. [13] .
It is important to note that the distribution of L-PK molecules carrying one, two, three or four phosphate groups is determined by the mechanism of the phosphorylation reaction. As the time course of this process was described by the first-order rate equation, the reaction rate was limited by phosphorylation of a homogeneous population of the acceptor sites. This result, in turn, can be explained by two distinct kinetic models.
Firstly, it is possible that the whole population of phosphorylation sites is homogeneous and the four subunits of L-PK are phosphorylated independently and at equal rates. This means that the formation of the enzymes carrying one, two, three or four phosphate groups is a consecutive process, and the monophosphorylated tetramers should prevail at the beginning of the process. Secondly, the exponential time course of the phosphorylation reaction can be explained by the combination of the rate-limiting phosphorylation reaction at the first subunit and very fast phosphorylation of the remaining subunits of the same enzyme. In this model the overall stoichiometry reflects the ratio of the completely phosphorylated and non-phosphorylated tetrameric protein molecules. In other words, the observed phosphorylation stoichiometry 1:4 means that ¼ of L-PK molecules should be fully phosphorylated, while the rest are not phosphorylated. In this case the resulting initial velocity versus the PEP concentration plot should be a sum of hyperbolic and sigmoidal dependences. In practice, however, these plots always appeared sigmoidal, being in agreement with the first phosphorylation model.
Phosphorylation as a switch of L-PK allostery
It is well recognized that the allosteric behavior of the native L-PK is affected by its phosphorylation, causing change in the sigmoidal shape of the initial velocity vs.
[PEP] plots and resulting in higher values of the apparent Hill coefficient n in Eq. 2 [11, 12, 14] . For example, the enzyme extracted from the liver tissue and containing 3 mol of phosphate per mol of tetrameric L-PK was characterized by K PEP =1.15 mM and n=2.0 [11] . Complete phosphorylation of this enzyme raised the K PEP value up to 1.4 mM and increased the n value to 2.2 [11] . In another study, K PEP =1.1 mM and n=2.5 were reported for the completely phosphorylated enzyme [14] . In our previous study the K PEP =2.2 mM and n=2.5 were obtained for the stoichiometrically phosphorylated enzyme [23] .
On the other hand, partial dephosphorylation of the enzyme, leaving approximately 1 mol phosphate per tetrameric L-PK molecule, decreased the K PEP value to 0.6 mM [11] and resulted in a shallow Hill plot characterized by n=1.8. The latter value was calculated by Eq. 2 from data published by El-Maghrabi et al. [11] . Analogously, K PEP =0.55 mM and n = 1.5 were obtained from data published by Schworer et al. [14] . All these results clearly point to the presence of an interrelationship between the phosphorylation level of L-PK and the affinity of the enzyme for PEP, as well as the cooperative properties, characterized by the Hill coefficient (n). However, the essence of these interrelationships was not completely understood before adding the present results for the non-phosphorylated enzyme.
As the non-phosphorylated L-PK revealed nonallosteric kinetic properties, it can be concluded that phosphorylation is a 'switch' between allosteric and nonallosteric states of this enzyme. Some features of this 'switching process' can be identified from data shown in Figure 5 , where the influence L-PK phosphorylation level upon the Hill coefficient, n ( Figure 5, right panel) , and the apparent L-PK affinity for PEP, conventionally characterized by the pK PEP values ( Figure 5, left panel) , are shown.
The plot obtained for the Hill coefficient of enzyme phosphorylation showed a clear change in allosteric properties accompanied phosphorylation of approximately ¼ of the protein, as this modification increased the n value from 1 to 2. The phosphorylation of the rest of sites increased the n value further up to 2.2-2.5. However, the latter increase in n value still affected the interaction of the enzyme with PEP, changing the K PEP value from 0.6 mM at the phosphorylation level 1 to K PEP =2.2 mM for the completely phosphorylated enzyme, containing 4 phosphates per four subunits. The difference of the K PEP values between the unphosphorylated and the completely phosphorylated enzymes was therefore more than 10-fold. In parallel with these major changes in PEP binding, ADP binding was practically unaltered by the phosphorylation reaction, as K ADP =0.26±0.03 mM was obtained for the non-phosphorylated enzyme (this study) and K ADP =0.10±0.05 mM was previously published for the phosphorylated enzyme [23] .
These results support the suggestion made by Muirhead in 1990 [24] that the N-domain may have some functional role in the transmission of allosteric structural changes in pyruvate kinases. Moreover, at the time of submission of our manuscript, a significant role of the N-terminus of L-PK in control of PEP binding effectiveness with this enzyme was reported by Fenton and Tang [25] , and their conclusions confirmed our results.
Some physiological implications
L-PK is the predominate pyruvate kinase isoenzyme in liver tissue, where its activity is regulated by several factors including PEP concentration [11, 12, 14] . Here we demonstrated that this control mechanism is switched on by phosphorylation of the enzyme, taking place by the random and distributive transfer of phosphate groups into the tetrameric protein. This mechanism provides high sensitivity of the switch, as cooperativity of L-PK, revealing as change of the nonhyperbolic rate vs.
[PEP] curve into sigmoidal one, is concurrent with addition of the first phosphate into the tetrameric enzyme. The alternative processive phosphorylation mechanism would operate this switch at much lower rate, as the hyperbolic impact of the nonphosphorylated enzyme would influence the shape of the curve up to the relatively high mole-per-mole phosphate levels. Such abnormality of the shape, however, has not been observed in any previous studies.
This understanding redefines also the magnitude of the effect of L-PK phosphorylation on the rate of gluconeogenesis in liver at the range of the physiological concentration of PEP from 143 to 187 μM [26] . The decrease in the PEP transformation rate in the phosphorylation switch of L-PK has so far been reported to be only 9 -6 -fold by Ekman et al. [27] , 5.6 -4.8 -fold by El-Maghrabi et al. [11] or 11.6 -8.5 -fold by Schworer et al. [14] . The present results demonstrate that the real scale of the switch should exceed 500 -fold.
In fact, due to the moderate effects, the regulation of gluconeogenesis by PKA has not been considered in the currently recognized system models of liver gluconeogenesis [28] . Now, however, the prominent amplitude of this switch should drastically change the understanding of liver gluconeogenesis and should be an important element to consider in the future models.
